The paper presents a study on 
INTRODUCTION
In urban areas the earth electrodes of the secondary substations are interconnected and, in many cases, they are also connected to the earth electrodes of the primary stations, in order to realize quasi-equipotential surfaces intrinsically safe against electric shocks named Global Earthing Systems (GES). The concept of GES has been introduced in the technical literature in the Harmonization Document (HD) 637 S1 by CENELEC [1] , with the aim of providing a solution to the problems of designing and verifying the effectiveness of the earth electrodes of the secondary substations located inside urban areas. In these areas, usually, fault currents are higher and it is more complicated to execute large earthing systems and to execute earth resistance measurements. Unfortunately, the concept of GES has not been adequately exploited, primarily due to the absence of precise indications on how to recognize a GES among all the interconnected, but not necessarily intrinsically safe, large earthing systems. The study of these systems has been done in the past by using practical methods or touch and step voltages measurements [2] - [4] and, first of all, with regards only to single-line-to-earth faults. Nevertheless, in very old MV networks, especially in those managed with unearthed neutral points, single-line-to-earth faults can evolve into double earth faults, characterized by very high fault currents (about the 80% of the three-phase fault currents). Therefore such faults can significantly influence the earth potential rise (EPR) distribution both at the fault location and also close to the other unfaulted substations. Moreover the thermal effects of the double earth fault current on the earth electrodes and on the metal sheaths of the MV cables can be very damaging. In the paper, a model for studying double earth faults is presented and many different fault situations are examined varying geometrical and electrical parameters like:
• the earth resistances of the secondary substations' earth electrodes; • the number of interconnected earth electrodes;
• the fault location;
• the distance between the substations;
• the presence of the interconnection between the earth electrode of the primary station and the earth electrodes of the secondary substations. Aim of the paper is to find general conclusions about the effects of double earth faults in presence of interconnected earthing systems in order to give a contribution to the definition of a general and easily applicable procedure for the identification of GES.
CIRCUITAL MODEL OF THE MV NETWORK
A double earth fault can occur between any two substations of a MV network. The proposed model is valid for calculating the EPR at the faulted substations due to a double earth fault involving two substations belonging to the same MV line, composed by N substations. The proposed circuit model in Figure 1 In Figure 1 Z can be easily found, according to [5] , when it can be assumed, without significant errors, that
...
In this case, the following expressions can be used:
and being Z SS the earth impedance of the HV/MV station supplying the MV network. Applying the Kirchhoff's laws, the circuit is solved and the EPR at the fault locations are found:
where impedances Z K and Z H are given by:
The double earth fault current can be easily found by means of the expressions given in [6] .
SIMULATIONS
The proposed model is applied to the test network shown in Figure 3 . The network has one HV/MV station and 200 substations distributed among 18 single-core cable lines. The earth electrodes are connected through the metal sheaths of the cables, isolated from the soil. The characteristics of the cables and of the HV/MV station are given in Tables 1 and 2 , respectively. Tables 3 and 4 are given the results of the calculations performed assuming that the distance between the substations is equal to 0.4 km and the earth resistance of the substations is equal to 2.5 Ω. The values represent the EPR calculated assuming K=1 and H variable in presence (Table  3 ) and in absence (Table 4) of interconnection with the earthing system of the HV/MV station. In Tables 5 and 6 are given the results of the calculations performed assuming variable, respectively, the earth resistance of the substations and the distance between the substations, in a MV line with 10 substations. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  2 SS  -1780  ------------------5 SS  -1399 2619 1961 1937  ---------------10 SS  -1385 2474 1691 1330 1112 971 885 863 959  ---------- Table 4 . EPRs calculated varying the number of substations (SS) and the fault location (d=0.4km, R E,o =2.5Ω, R SS =∞, K=1).
EPR at the faulted substation for double earth fault inside the substation and the first substation of the related MV line (V) Number of substations of the line  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  2 SS  -1939  ------------------5 SS  -1514 3453 2050 1926  ---------------10 SS  -1498 3274 1769 1322 1088 944 858 836 929  ----------15 SS  -1498 3275 1770 1321 1086 935 829 751 690 642 606 586 597 685  -----18 SS  -1498 3275 1770 1321 1087 936 829 751 690 641 601 567 538 516 504 518 600  --20 SS  -1498 3275 1770 1322 1087 935 829 751 690 641 601 566 537 511 488 471 463 478 555   Table 5 . EPRs calculated varying the earth resistance of the substation and the fault location (d=0.4km, K=1, N=10).
EPR at the faulted substation for double earth fault inside the substation and the first substation of the related MV line (V)  Earth  resistance of  substations  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  1 Ω  -1250 1391 952 762 654 585 536 510 545  ----------2.5 Ω  -1385 2473 1691 1330 1112 971 885 863 959  ----------10 Ω  -1436 4698 3501 2919 2569 2363 2285 2351 2619  ----------25 Ω  -1458 6371 5539 4894 4551 4403 4430 4648 5115  ----------100 Ω  -1488 13467 11057 10158 9775 9681 9812 10167 10796 ----------Table 6 . EPRs calculated varying the distance between the substation and the fault location (R E,o =2.5Ω, K=1, N=10).
EPR at the faulted substation for double earth fault inside the substation and the first substation of the related MV line (V)  Distance  between  substations  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  0.1 km  -536 2622 1819 1517 1361 1285 1280 1365 1585  ----------0.2 km  -919 2644 1842 1491 1283 1155 1093 1112 1264  ----------0.4 km  -1385 2473 1691 1330 1112 971 885 863 959  ----------0.6 km  -1625 2245 1514 1179 981 853 770 736 802  ----------1 km  -1802 1858 1245 970 813 710 640 600 632  --------- 
DISCUSSION
Simulations show that EPR due to double earth faults in an interconnection of earthing systems are, in the most of cases, very high. Besides the interconnection of the earthing systems is able to reduce the EPR at the fault location with respect to the case of isolated earth electrodes, the reduction is insufficient for asserting that the system can be considered safe without further examinations. Moreover, examining the value reported in Tables from 3 to 6 , it is evident how many factors are able to influence the EPR at the fault location, and how it is not possible to individuate immediately a trend of the EPR with the distance from the HV/MV station, like in the case of single-line-to-earth fault. Indeed the EPR depends both on the value of the fault current and on the value of the total earth impedance at the fault location. As the distance with the HV/MV station (the source) increases, the double earth fault current I k2 decreases but the impedance Z b E,H increases. The two factors I k2 and Z b E,H are antagonist and therefore it is not possible to predict easily the value of the EPR as the fault location and the number of interconnected earth electrodes change. Comparing the values reported in Table 3 with the corresponding ones in Table 4 , it is easy to see that, when the earthing system of the HV/MV station is connected to the other earth electrodes, the EPR decreases at the substations closest to the HV/MV station but increase at the substations located at the end of the MV lines. Examining the results reported in Table 5 , it is evident that as the earth resistance R E,o increases, the EPR at the fault location increases too. This is due to the increase of the total earth impedance at the fault location that makes the interconnection less effective. Finally, the results reported in Table 6 show that as the distance between the substations increases the EPR increases too at the substations closest to the HV/MV station, and decreases at the substations located at the end of the MV lines.
CONCLUSION
The paper has presented a mathematical model for studying the behaviour of interconnections of earth electrodes in MV networks in presence of a double earth fault. The model is based on a lumped parameter representation of the MV network and is able to take into account the influence of all the geometrical and electrical parameters on the EPR at the fault location. Simulations have been performed in order to analyze how these parameters can influence the value of the EPR at the substations. The results have shown that it is not possible to identify a general trend of the EPR as the distance of the fault point from the source varies, as it was done for the case of single-line-to-earth fault.
